INTRODUCTION
Oxygenated lipids are collectively known as oxylipins. One of the most biologically important groups of oxylipins in mammals is the eicosanoids, which include prostaglandins and leukotrienes. These eicosanoids are potent modulators of immune responses in addition to playing a role in numerous basic host physiologic processes (40) . Eicosanoids act via specific receptors, with some having multiple receptors (Tables 1 and 2 ) (40, 50) . Host cells are one source of eicosanoids and oxylipins during infection; however, another potential source of eicosanoids is the pathogen itself. Descriptions of eicosanoid and oxylipin production by eukaryotic microbes have been scattered through the literature for decades, but they have begun to receive significant attention in the last few years following reports of prostaglandins and prostaglandin-like molecules being produced by pathogenic helminths, protozoa, and fungi.
Why do these organisms produce oxylipins? Eicosanoids in eukaryotic microbes appear to play a dual role, metabolism or maturation of the organism and communication with the host on a cellular basis. Accumulating data suggest that control of phase change and differentiation in these organisms is controlled by oxylipins, including prostaglandins and lipoxygenase products. This also opens up the possibility that enzymes in this pathway may be targets for future pharmaceuticals. The precise role of pathogen-derived eicosanoids in pathogenesis remains to be determined, but the potential link between pathogen eicosanoids and the development of Th2 responses or modulation of immunity in the host is intriguing.
The role of host eicosanoids in modulating immunity is well documented. The study of microbial oxylipins in disease pathogenesis is just beginning. This review will focus on the potential of oxylipins as secreted virulence factors not in the same context as microbial toxins but rather as factors required for virulence that augment other virulence mechanisms of pathogenic eukaryotic microbes. Using diverse sources to present a model of why these microbes produce oxylipins, we will also present evidence that these microbial oxylipins may play a significant role in a host-pathogen "cross-talk" that contributes to chronic infection.
BIOCHEMISTRY
Eicosanoid compounds have been found in almost every eukaryotic organism, providing a number of functions ranging from regulation of reproduction in invertebrates to formation of innate defense mechanisms in plants (118, 129) . However, most of what is known about eicosanoids stems from investigation of mammalian biology, most often in the context of immune system regulation.
Mammals
Polyunsaturated fatty acids compose a large variety of lipids, differing in hydrocarbon length and degree of unsaturation (113) . For most eukaryotic organisms, the precursors to these lipids are essential and cannot be synthesized de novo but must be obtained from plant products in the diet (87) . Once taken up by cells, precursor fatty acids are acted upon by a number of different elongases and desaturases to form a large family of compounds that not only aid in membrane fluidity but, more importantly, play a role in intercellular communication (113) . Normally, polyunsaturated fatty acids are found esterified in the phospholipids that make up cell membranes and are released by phospholipases (specifically phospholipase A 2 ), which are under the control of environmental signals (87) .
Eicosanoids are biologically active lipids derived from dihomo-␥-linolenic acid, arachidonic acid, and eicosanopentaenoic acid (C 20 polyunsaturated fatty acids which differ only in the number of cis double bonds) ( Fig. 1 and 2 ). The most prevalent eicosanoids in mammals are derived from arachi- 2 Ovarian cells Maturation for ovulation Placenta Relaxation of muscle EP 3 Neurons Fever generation Stomach Inhibition of gastric acid secretion EP 4 Osteoclast Bone resorption EP 2 , EP 4 Lung donic acid (87) . Eicosanoids can be further divided into many subfamilies, the main ones being the prostanoids, which are products of a cyclooxygenase, and the leukotrienes and hydroxyeicosatetraenoic acid (HETE), which are products of lipoxygenase enzymes (Fig. 3 ). Prostanoids are characterized by an enzymatically generated ring structure and include the prostaglandins and thromboxanes. The different classes of prostanoids are denoted by a letter, representing the oxygen substitution on the ring structure, and by a number, representing the number of cis double bonds in the lipid (113) . For example, a prostaglandin of the E class derived from arachidonic acid will be denoted prostaglandin E 2 (PGE 2 ). The initial step of prostaglandin biosynthesis is catalyzed by cyclooxygenase (also known as prostaglandin H synthase), which produces a common precursor, prostaglandin H (PGH) (Fig. 4) . This serves as the substrate for a number of different specific hydrolases and synthases that produce the downstream classes of prostaglandins and thromboxanes. In mammals, there are two cyclooxygenase enzymes, cyclooxygenase-1 being the constitutive form and cyclooxygenase-2 being the inducible form (87) . These enzymes are inhibited by a class of drugs known as nonsteroidal anti-inflammatory drugs, which include aspirin, indomethacin, ibuprofen, and others. Novel drugs in this class selectively target the cyclooxygenase-2 enzyme, which is most often associated with asthma and allergy (137) .
Leukotrienes are another subfamily of eicosanoids composed of linear lipids. The system of leukotriene nomenclature is similar to that of prostaglandins, with the letter representing the class and the number representing the number of cis double bonds. The initial step of leukotriene synthesis is catalyzed by 5-lipoxygenase, which inserts a hydroperoxy group onto arachidonic acid, creating 5-hydroperoxyeicosatetraenoic acid (113) . This species is either reduced nonspecifically to yield 5-HETE, leaving a stable hydroxyl group in place of the hydroperoxy group, or acted upon again by 5-lipoxygenase, which forms leukotriene A 4 (LTA 4 ), the first in the series of leukotrienes. LTA 4 then serves as the substrate for LTA 4 hydrolase, which adds a water molecule to form LTB 4 . LTA 4 can also serve as the substrate for LTC 4 synthase, which adds a GlyCys-Glu tripeptide, creating LTC 4 , which is the first in a series known as the cysteinyl leukotrienes. Subsequent removal of the glutamate residue from LTC 4 by gamma-glutamyl transferase creates LTD 4 . Glycine is then cleaved from the cysteine moiety by dipeptidase, creating LTE 4 . LTC 4 , LTD 4 , and LTE 4 are collectively known as the cysteinyl leukotrienes (113) . Several other lipoxygenases exist which produce biologically active HETE compounds. 12-Lipoxygenase and 15-lipoxygenase are responsible for the production of 12-HETE, 15-HETE, and the lipoxins (113) .
Protozoa, Helminths, and Fungi
Compared to mammalian oxylipin production, very little is known about the biochemistry of oxylipin production in eukaryotic microbes. Comparative genomic searches for the enzymes responsible for oxylipin production in protozoa, helminths, and fungi have not yielded a single enzyme with homology to the mammalian enzymes. However, phospholipase A 2 (47) . However, cleaving polyunsaturated fatty acids from membrane phospholipids or lung surfactant also yields polyunsaturated fatty acid precursors for eicosanoid and oxylipin production. This is another potential role for secreted phospholipases A and B in the normal physiology of the organisms or in virulence.
The search for homologs of mammalian cyclooxygenase and lipoxygenase in eukaryotic microbes has proven to be difficult. Proteins that are similar to mammalian cyclooxygenase and lipoxygenases can be detected. However, the enzymes still remain to be cloned and are most likely distinct from mammalian enzymes. Proteins from the tissue nematode Oesophagostomum dentatum that cross-react with polyclonal antibodies directed against both mammalian cyclooxygenase-1 and cyclooxygenase-2 or cyclooxygenase-2 alone have been detected (58) . However, these worm proteins cannot be detected with polyclonal antibodies against cyclooxygenase-1 alone or monoclonal antibodies against cyclooxygenase-1 or cyclooxygenase-2. In addition, proteins that cross-react with polyclonal antibodies against 12-lipoxygenase and 15-lipoxygenase but not 5-lipoxygenase have been detected.
Eicosanoids have also been detected in the blood fluke Schistosoma mansoni (1, 6, 42, 43, 115) . Interestingly, researchers have detected soluble lipoxygenase activity but no cyclooxygenase activity (1) . This enzyme produces a 15-HETE-like product from arachidonic acid as well as a 13-hydroxyoctadecanoic acid-like product from linoleic acid. The Schistosoma mansoni lipoxygenase is also inhibitable by mammalian and plant lipoxygenase inhibitors. Two lipoxygenase proteins have been detected by immunoblot and by PCR with degenerate probes against plant and mammalian lipoxygenase. Overall, this suggests that the enzymes involved in the initial step of eicosanoid synthesis in eukaryotic microbes are similar to but distinct from the mammalian enzymes.
There are several lines of evidence that a cyclooxygenase may not be involved in nonmammalian eicosanoid synthesis. First, the classical inhibitors of prostaglandin synthesis do not inhibit nonclassical prostaglandin synthesis (69-71, 96, 97) . Second, Blast searches of various fungal and parasite genomes do not reveal any sequences with significant homology to cyclooxygenases. Third, many eukaryotic microbes possess exceedingly small quantities of arachidonic acid or are unable to synthesize it (54) . Although little is known about this "nonclassical" pathway for prostaglandin generation in eukaryotic microbes, we can draw from a large body of information about the generation of oxylipins in other eukaryotes, notably plants.
Despite the lack of evidence for the existence of a nonmammalian cyclooxygenase, other enzymes may be able to generate eicosanoids. Probably the most distinctive feature of a prostaglandin is the pentacyclic "head" region of the molecule. As shown in Fig. 4 , half of the cyclooxygenase reaction adds a hydroperoxide group at carbon 15 and then reduces that hydroperoxide to a more stable hydroxyl group (87) . While cyclooxygenase can generate this structure, other enzymatic reactions can also generate the pentacyclic head group. One such alternative pathway has been well described in the generation of the plant danger molecule jasmonic acid (Fig. 5) (87) . In this pathway, 13-hydroperoxyoctadecatrienoic acid is generated from ␣-linolenic acid by means of a 6-lipoxygenase. This unstable intermediate can then be acted on by a number of enzymes, one of which is allene oxide synthase, which catalyzes the formation of an epoxide ring without disruption of the adjacent double bond. This intermediate can in turn be acted on by allene oxide cyclase to form the pentacyclic ring structure VOL. 16, 2003 EUKARYOTIC MICROBIAL EICOSANOIDS AND OXYLIPINS 521 found in the prostanoids. Of note, the product of this reaction, 12-oxophytodienoic acid, is structurally similar to 15-desoxy-⌬ 12,14 -PGJ 2 , a prostanoid known to be a ligand for the nuclear receptor peroxisome proliferation-activated receptor gamma, which can downregulate macrophage activation (111) .
Another alternative mechanism for the generation of prostaglandin-like compounds is the nonenzymatic generation of molecules called isoprostanes (93) . These molecules are formed by the autooxidation of arachidonic acid by a freeradical mechanism. It is believed that these molecules are physiologically relevant signals of oxidative stress (112) , as some of them possess profound vasoconstrictive properties (93) . Structurally, they fall into four groups that are named according to the position at which the oxygen molecule attacks; however, only one species resembles an authentic prostaglandin.
Lipoxygenases have been described in many organisms and catalyze the addition of a dioxygen molecule to an unsaturated carbon chain, resulting in rearrangement, not destruction, of the double bonds ( Fig. 6) (87) . Lipoxygenases are generally named for the position into which they insert the hydroperoxide group; thus, a 12-lipoxygenase inserts the hydroperoxide at carbon 12 of its substrate. This last statement is an important one, particularly when studying oxylipin formation in new systems. One aspect that is not described in the name is substrate preference, and while a mammalian lipoxygenase will use arachidonic acid as a preferred substrate, a fungal lipoxygenase may not. When describing a new lipoxygenase, consideration should be given to the niche that the organism occupies and the fatty acids that are available to it. Another potentially confounding issue is that lipoxygenases can use different fatty acids as substrates, although one will be preferred (87) .
A series of oxygenases have been purified from the fungal wheat pathogen Gaumannomyces graminis, including a lipoxygenase and a linoleate diol synthase, which shows some homology to mammalian PGH synthases (cyclooxygenase) (57, 131) . G. graminis also possesses a linoleic acid 8R-dioxygenase, which catalyzes the conversion of linoleic acid to 8-hydroperoxyoctadecadienoic acid, which immediately separates it from the lipoxygenase family of enzymes due to the insertion of a dioxygen molecule at a carbon not occupied by a double bond (16) . Further investigation into the mechanism of this enzyme revealed that it does not utilize the bis-allelic radical, as in the lipoxygenase reaction (87); rather, the radical generated by hydrogen abstraction occurs at the same position as oxygen attack, without any shift in bond positions or orientation (16) . The significance of this compound has yet to be revealed. However, the fact that none of the double bonds are altered during oxygenation raises the possibility that this compound could then be acted on by enzymes such as lipoxygenases to generate a unique oxylipin, unlike what one would expect to be possible from a dienoic fatty acid.
Recently, a 13-lipoxygenase that demonstrates a marked preference for linoleic and ␣-linolenic acid over arachidonic acid was purified from this fungus; however, details of this enzyme have yet to be published. A lipoxygenase was purified from Saccharomyces cerevisiae but was never cloned or sequenced (122) . However, a bifunctional LTA 4 hydrolase from Saccharomyces cerevisiae has been cloned and characterized (72) . This enzyme has 42% identity with mammalian LTA 4 hydrolase and produces LTB 4 from LTA 4 in vitro (73) .
In summary, there are numerous biochemical differences between fungal-parasitic eicosanoid synthetic pathways and mammalian eicosanoid biosynthetic pathways. These differences have slowed the study of fungal-parasitic oxylipin production, but in turn, these differences may make fungal-parasitic oxylipin biosynthetic enzymes a viable target for the rational design of future therapeutics.
The search for other enzymes involved in the generation of specific eicosanoid products has been more successful in eukaryotic microbes. A glutathione-dependent transferase has been cloned from the nematode Ascaridia galli based on sequence similarity with a mammalian PGH-D isomerase (90).
The nematode enzyme is able to convert PGH to PGE class prostaglandins in vitro, making it the first PGH-E isomerase discovered in parasitic worms. This suggests that other glutathione-dependent transferase enzymes from parasitic worms may be involved in helminth eicosanoid synthesis.
Recently, a PGF 2␣ synthase from Trypanosoma brucei was purified, cloned, and expressed in Escherichia coli (69) . Both live Trypanosoma brucei and lysates of the organism are readily capable of producing a number of oxylipin products that the researchers identified as prostaglandins. The production of these molecules was eliminated when the lysates were boiled, indicating enzymatic activity; however, prostaglandin production was not inhibitable by either aspirin or indomethacin. The cloned PGF 2␣ synthase from Trypanosoma brucei does not possess any sequence homology to mammalian PGF 2␣ synthases. Phylogenetic analyses of this protein revealed that it forms a distinct and distant phylogenetic clade from mammalian PGF synthases, with only 39 to 40% amino acid identity. Rather, the trypanosomal PGF 2␣ synthase is an NADPH-dependent oxidoreductase belonging to the aldol-keto reductase superfamily of enzymes. Interestingly, the PGF 2␣ synthase discovered in Trypanosoma cruzi (71) is similar not only to the PGF 2␣ synthase from Trypanosoma brucei, but also to the Saccharomyces cerevisiae old yellow enzyme, an oxidoreductase long known to exist in budding yeast but whose physiologic function remains a mystery (139) . Blast searches of the sequence of the PGF 2␣ synthase from Trypanosoma brucei against the Cryptococcus neoformans and Candida albicans genomic sequences also revealed stretches of significant homology (M. C. Noverr, J. R. Erb-Downward, and G. B. Huffnagle, unpublished data).
Taken together, these data demonstrate the existence of a completely different system of prostaglandin synthesis in trypanosomes and likely other eukaryotic microbes, a nonclassical cyclooxygenase-dependent first step in prostaglandin synthesis and a nonclassical synthase-dependent second step.
EFFECTS ON EUKARYOTIC MICROBES Protozoa
Eicosanoid production has been discovered in numerous protistan organisms, including parasites. Eicosanoids in these organisms are believed to play a role in life cycle control, growth stage-specific transformation, and sexual maturation. Among the protistan parasites known to produce eicosanoids and oxylipins are Acanthamoeba spp., Trypanosoma brucei (causative agent of trypanosomiasis), and Plasmodium falciparum (causative agent of malaria).
As eicosanoid production has been reported in various protistan parasites, it has been noted that production varies with growth stage, suggesting a role in life cycle control. Trypanosoma brucei produces prostaglandins endogenously or from exogenously supplied arachidonic acid, with PGF 2␣ being a major metabolite produced (69) . The protozoan PGF 2␣ synthase has been cloned from Trypanosoma brucei (69) . Trypanosoma brucei PGF 2␣ synthase mRNA expression and enzyme activity are dependent on growth stage, with expression and activity higher in the early logarithmic growth and lower in the stationary phase. Plasmodium falciparum, like Trypanosoma FIG. 6 . Mechanism of lipoxygenase action. The first hydrogen abstraction takes place from a doubly allylic methylene (a CH 2 group flanked on either side by -CHϭCH-), followed by the attack of a dioxygen molecule at C-2 from the radical and subsequent bond rearrangement.
VOL. 16, 2003 EUKARYOTIC MICROBIAL EICOSANOIDS AND OXYLIPINSbrucei, produces prostaglandins both endogenously and exogenously (70) . Prostaglandin production (PGE 2 , PGD 2 , and PGF 2␣ ) is highest in the trophozoite and schizont stages in the life cycle of Plasmodium falciparum, two stages responsible for infection of the host. The mechanism of production of eicosanoids and oxylipin molecules in these organisms is just beginning to be understood (69) (70) (71) . However, over the years many studies have described pronounced effects of oxylipins on the growth and development of the protozoan parasites, and while these pieces of evidence have been scattered, they are compelling indicators that long-chain fatty acids and oxylipins are of critical importance to these organisms (12, 21, 30, 36, 52, 68, 69, 70, 81, 98) . Some of the more striking results of these studies include inhibition of growth of Plasmodium falciparum in culture and Plasmodium vinckei petteri and Plasmodium yoelii nigeriensis in vivo by C 18 fatty acids (68) , reversal of chloroquine resistance in a resistant strain of Plasmodium berghei when infected mice are treated with prostaglandin analogs, and even direct cytotoxicity towards Toxoplasma gondii by platelet-derived chromboxane A 2 and 13-hydroxyoctadecanoic acid (52, 142) .
Eicosanoid production has also been detected in slime molds, which are protists that resemble fungi in life style. With the division Oomycota, the organisms Lagenidium giganteum and Saprolegnia parasitica have been found to produce not only traditional arachidonic acid metabolites but also novel compounds. The life cycle of Lagenidium giganteum, a parasite of mosquito larvae, is regulated by endogenous oxidative lipid metabolism (63) . Inhibitors of lipoxygenase and cyclooxygenase prevent maturation of the sexual stage, the oospore (62). This inhibition could be overcome by addition of partially purified culture supernatants of oospore stage-specific Lagenidium giganteum. This indicates that lipoxygenase and/or cyclooxygenase products are responsible for regulating life cycle progression in this organism.
As in Lagenidium giganteum, cyclooxygenase inhibitors (indomethacin and aspirin) prevent sexual maturation in Saprolegnia parasitica, a fish parasite (55) . In addition, treatment with these inhibitors results in asterisk-shaped colony morphology owing to shortened branching patterns of the slime mold. This abnormal colony morphology can be overcome by addition of PGE 1␣ to the growth medium. Addition of PGE 1␣ does not, however, overcome inhibition of sexual maturation. Overall, this indicates that different endogenous prostaglandins or prostaglandin-like products are involved in regulation of growth and sexual maturation.
Helminths
Parasitic worms contain a variety of polyunsaturated fatty acids in their cellular membranes, including arachidonic acid. Eicosanoids, both prostaglandins and leukotrienes, have been detected in many species of helminths, including human pathogens. As in protistan parasites, eicosanoids and oxylipins are involved in different aspects of life cycle regulation and sexual maturation.
The first of these, Schistosoma mansoni, has a complex life cycle consisting of a free-swimming miracidia which infects the snail as an intermediate host, transforms itself, and is released as cercariae (100). The cercariae, upon encountering a mammalian host, burrow into the skin and undergo transformation once again, this time into schistosomula. At this stage, Schistosoma mansoni enters the vasculature and migrates to the portal system, where the schistosomula mature into adult male and female worms (100). Sexual reproduction occurs, and the female releases eggs that leave the vein, burrowing through the tissues to enter the intestine, where they are released from the mammalian host in the feces. Eventually, the eggs are returned to a water source, where they hatch to release miracidia, completing the cycle (100). Since the only form that can infect mammals is the cercarial form (100), a great deal of attention has been given to the transition from cercariae to schistosomula.
Cercariae from Schistosoma mansoni, a human blood fluke, produce eicosanoids from linoleate, presumably via conversion of linoleate to arachidonic acid. The cyclooxygenase products PGE 1 , PGE 2 , PGD 2 , and PGA 2 can be detected along with lipoxygenase products LTB 4 , 5-HETE, and 12-HETE (42, 115) . Treatment of Schistosoma mansoni cercariae with either cyclooxygenase or lipoxygenase inhibitors decreases both prostaglandin and leukotriene-HETE production (115) . In 1970 it was determined that Schistosoma mansoni is incapable of synthesizing long-chain fatty acids and sterols de novo despite a membrane that is replete with these molecules (91) . This led researchers to study the effects of various fatty acids on Schistosoma mansoni, which led to two important discoveries. First, agar infused with 3.3 mM linoleic acid is sufficient to induce the transformation from cercariae to schistosomula (41) . Second, incubation with linoleic acid induced the release of a variety of eicosanoids and oxylipin products (42) . Researchers also found that by treating the cercariae with ibuprofen and esculetin, inhibitors of cyclooxygenases and lipoxygenases, respectively, they could decrease the linoleic acid-induced transformation and decrease production of oxylipin products. However, neither inhibitor behaved as expected, for decreases were seen in both cyclooxygenase and lipoxygenase products for each of the inhibitors (43, 115) .
This control of transformation can be seen mirrored in the filarial parasite Brugia malayi. Microfilariae from B. malayi have been shown to produce eicosanoids (PGE 2 , PGD 2 , 6-keto-PGF 1␣ , PGF 2␣ , and thromboxane B 2 ) from both endogenous and exogenous arachidonic acid in vitro. It has also been recognized that these molecules probably play a critical role in preventing platelet aggregation around the parasite as it grows in the blood vessel (79) . However, the effect of oxylipin molecules on the growth and development of B. malayi has only recently been discovered. As with many of the parasites, culturing certain stages of B. malayi has proven difficult (124) . In particular, a serum-free in vitro system that promotes molting to the fourth-stage larva (L4) from infectious third-stage larva (L3) remains elusive. Interestingly, addition of arachidonic or linolenic acid along with the basidiomycetous yeast Rhodotorula minuta to cultures of B. malayi can overcome this requirement for serum (124) . As has been discussed previously, many fungi are known to turn various fatty acids into oxylipin products, and since the fatty acids alone did not produce significant amounts of L3 to L4 molting, the role of oxylipins in this process was strongly supported. In a follow-up study, these researchers confirmed the role of oxylipin prod-ucts by abolishing L3 to L4 molting with the addition of various lipoxygenase inhibitors (125) .
Interestingly, eicosanoid production in the cestode Spirometra erinaceieuropaei, a mammalian and reptilian parasite, is time and temperature dependent (44) . Eicosanoid production also correlates with changes in fatty acid composition. When incubated with arachidonic acid, PGE 2 , PGD 2 , 6-keto-PGF 1␣ , and PGF 2␣ but not TxB 2 was differentially detected in worm supernatants (39) . The differential expression of these eicosanoids could be a mechanism for adaptation to hosts with various body temperatures.
Eicosanoid products have also been detected in nematodes. Oesophagostomum dentatum is a nodular parasitic worm that infects the swine intestine. This arachidonic acid-containing parasite produces both prostaglandins (PGE 2 , PGD 2 , 6-keto-PGF 1␣ , PGF 2␣ and TxB 2 ) and leukotrienes (LTB4 and cysteinyl leukotrienes) endogenously (26, 58) . Inhibitors of both cyclooxygenase and lipoxygenase prevented migration and growth of the worm and, more specifically, prevented development to stage 4 larvae (26) (27) (28) . These effects were reversible, and the inhibition was overcome by addition of exogenous eicosanoids. The individual prostaglandins and leukotrienes were differentially detected in worm homogenates and supernatants at different times of in vitro cultivation, indicating complex regulation of expression according to growth stage.
Fungi
Eicosanoids were first discovered in fungi in the early 1990s through investigation of fungal fatty acid production in environmental fungi (64) . Since that time, eicosanoid and oxylipin production has been observed in a number of fungal species. A survey of both pathogenic and nonpathogenic fungal species reveals that all species produce detectable amounts of both cyclooxygenase and lipoxygenase products endogenously and from arachidonic acid (97) . Investigations of fungal eicosanoid products and their pathways indicate a role in sexual maturation and life cycle control as well as in pathogenesis of virulent fungi.
The arachidonic acid metabolites PGF 2␣ and PGF 2␣ -lactone have been detected in a number of environmental yeasts of the Lipomycetaceae family (Dipodascopsis, Lipomyces, Zygozyma, and Myxozyma), as well as Saccharomyces cerevisiae (64) . Fungal extracts inhibit blood platelet aggregation, a well-known function of PGF 2␣ , and the production of these compounds can be inhibited by aspirin, indicating that an enzyme similar to mammalian cyclooxygenase may be involved in their production (64) . A more thorough examination of the effects of aspirin on fungal eicosanoid production revealed that inhibition of prostaglandin products (3-HETE, PGE 2 , and PGD 2 ) correlated with increases in lipoxygenase products (5-HETE, 12-HETE, and 15-HETE), suggesting not only that both pathways exist in fungi but also that arachidonic acid can be shunted from one pathway to the other (25) . When D. uninucleata is fed exogenous arachidonic acid, a novel aspirin-inhibitable eicosanoid, 3-HETE, is formed, confirming the presence of an arachidonic acid cascade in these yeasts (136) .
One of the immediate controversies to arise in relation to fungal eicosanoid production is determining whether fungi produce authentic eicosanoids de novo. Many of the techniques used to measure eicosanoids exhibit cross-reactivity with chemically similar species, and polyunsaturated fatty acids more than 18 carbons long are rarely detected in many species of fungi (80) . However, more reports of arachidonic acidproducing fungi arise as researchers optimize growth conditions. A species of soil fungus, Mucor genevensis, can convert exogenous arachidonic acid to the oxylipin 3-HDTE, which is an 18-carbon species (14, 106) . In addition, this fungus also produces large quantities of eicosanoid precursors (dihomo-␥-linolenic acid, arachidonic acid, and eicosanopentaenoic acid) when grown under specific conditions. Another genus of arachidonic-producing fungus, Mortierella, was found to be sensitive to aspirin in its growth medium and produced PGE 2 and PGF 2␣ de novo (15, 76) . Therefore, many species of fungi do possess arachidonic acid and are able to produce authentic prostaglandins de novo.
Evidence has accumulated suggesting that fungal eicosanoid production is involved in growth and maturation of the organisms. A connection exists between eicosanoid production and life cycle regulation in the family Dipodascaceae. Eicosanoid production in these yeasts varies depending on life cycle stage (25) . The highest eicosanoid production occurs during ascosporogenesis, which marks the transition from the sexual stage to the asexual stage. Completion of the yeast life cycle could be inhibited by indomethacin and aspirin (13) . In addition, ascospore aggregation could be inhibited by aspirin (66) . Novel hydroxylipins that are localized to the surface of aggregating vegetative cells have been discovered in Saccharomyces cerevisiae, Saccharomycopsis malanga, and mucoralean fungi (65, 67, 120) . Similarly, the growth and conidiation of the filamentous fungus Trichoderma viride are inhibited by indomethcin and rapanidal. Saccharomyces cerevisiae was also found to be sensitive to these drugs. The nature of the growth-inhibitory effects of nonsteroidal anti-inflammatory drugs on fungi and the molecular targets of the drugs remain to be elucidated.
The potential for eicosanoid production in medically important fungi has been overlooked until recently. The pathogenic yeasts Cryptococcus neoformans and Candida albicans produce eicosanoids (both prostaglandins and leukotrienes) endogenously or from exogenous arachidonic acid (96) . Treatment of these yeasts with cyclooxygenase inhibitors has proven to be toxic in vitro, suggesting a requirement for an eicosanoid product or biosynthetic pathway in growth (96) . A novel eicosanoid product (3,18-diHETE [3,18-dihydroxyeicosatetraenoic acid]) has been detected in Candida albicans, which is related to the 3-HETE product detected in the lipomycetaceous fungi (33) . By immunofluorescence, products that cross-react with 3-HETE have been detected in hyphae but not in yeast forms of Candida albicans. This suggests that fungal eicosanoids may be involved in Candida morphogenesis. The production of 3,18-diHETE could be inhibited by aspirin 33, which also suppresses the growth of the yeast form and prevents the yeast to hypha transition of Candida albicans (32) . Exogenous PGE 2 from either host or fungal sources enhances germ tube formation in Candida albicans, implicating fungal eicosanoids as a morphogenic factor (61, 96) . The yeast to hypha transition is often associated with progression of infection by Candida albicans, and therefore, fungal eicosanoid regulation of morphogenesis may be considered a virulence mechanism.
Another function of oxygenated fatty compounds that has only recently been described is in quorum sensing. Quorum sensing is the phenomenon by which a group of single-celled organisms coordinate their behavior in a manner akin to a multicellular organism (9) . The mechanisms of quorum sensing have been well studied in bacteria, where particular molecules, such as homoserine lactones (called autoinducers), are released from individual bacteria and accumulate until a particular concentration of autoinducer is achieved. Upon reaching this concentration, the organisms each respond by upregulating factors that are beneficial to the survival of the organisms within the group (9). Recently, Candida albicans has been shown to demonstrate the phenomenon of quorum sensing, the first for a eukaryotic organism. The quorum-sensing molecule in Candida albicans has been identified as the longchain polyunsaturated alcohol farnesol (Fig. 7a) (56) . The quorum behavior that was studied was the phenomenon of germ tube formation. Candida albicans germ tube formation is a population density-dependent phenomenon and occurs at densities of less than 10 6 yeast cells/ml. The addition of farnesol to cells that would otherwise form germ tubes resulted in a culture of budding yeast cells. Thus, farnesol provides a signal that effectively mimics a higher concentration of cells.
Another area where farnesol has been implicated is in the proper functioning of mating factor signaling. In the yeasts Cryptococcus neoformans and Ustilago maydis, the mating factor is a peptide that is often posttranslationally modified by farnsylation. Interestingly, it has been found that in the absence of farnsylation, the mating factor is rendered up to 1,000-fold weaker than the farnylated peptide (29) . While this behavior has not been directly implicated in quorum sensing, it is interesting to consider that induction of mating behaviors only makes sense if other cells are in close proximity. It will be interesting to see what the future holds for this fatty compound and others in fungal biology. In a subsequent study, farnesol was employed, with great effect, to prevent the formation of Candida albicans biofilms, a virulence trait that allows Candida albicans to colonize medical equipment and biomaterials such as orthopedic joints (108) . Studies such as this suggest new ways of potentially controlling Candida albicans infections, in which a drug could be targeted not to kill the organism but to prevent its transformation into a more virulent phenotype.
EFFECTS IN INFECTION

Eicosanoids and Immunomodulation
In mammals, eicosanoids regulate many systems in a manner akin to hormones. They are involved in regulation of the cardiovascular system, renal function, and reproduction and may play a role in carcinogenesis. However, they are most often associated with regulation of inflammation and allergy. To date, there are over 10,000 references pertaining to eicosanoids and the immune system in the literature. Eicosanoids regulate both proinflammatory and anti-inflammatory responses of the immune system (87) . A single eicosanoid can have pleiotropic effects due to the existence of multiple receptors for each lipid species. In turn, these receptors exert different responses on different cell types (Tables 1 and 2) (40, 50, 87) . Another unique characteristic of eicosanoids is their potency at very low (nanomolar) concentrations. In relation to this potency, most eicosanoids have very short half-lives, being made de novo (as opposed to stored and released) and acting near their site of synthesis (40, 87) . This, combined with the overwhelming number of members of this class of regulators, makes investigation difficult. However, much progress has been made, and many of the pro-and anti-inflammatory functions and cellular targets of the eicosanoids have been determined (Tables 1 and 2) .
Prostaglandins are often associated with anti-inflammatory activities such as inhibition of effector functions of inflammatory cells. These include inhibition of mediator release from macrophages, neutrophils, mast cells, basophils, and lymphocytes (59) . PGE 2 and other eicosanoids can downregulate macrophage function, including phagocytosis (74, 103, 128, 130) . Eicosanoids are membrane diffusible, and many are potent ligands of the intracellular receptors peroxisome proliferationactivated receptor alpha and gamma in macrophages (135) . Binding to peroxisome proliferation-activated receptor alpha and gamma causes macrophage deactivation. Thus, one potential mechanism of intracellular survival of eukaryotic microbes in macrophages is deactivation of macrophages by prostaglandins and leukotrienes produced by the microbe (in phagosomes or extracellularly). Prostaglandins can also inhibit Th1-type immune responses, chemokine production, phagocytosis, and lymphocyte proliferation (11, 74, 88, 103, 121, 128, 130) . Prostaglandins can promote Th2-type responses and tissue eosinophilia (31, 88, 103, 126) . Prostaglandins also mediate proinflammatory activities such as vasodilation, which potentiates pain and edema, as well as leukocyte recruitment (eosinophils) (59, 92, 107) . Evidence is now accumulating that prostaglandins (especially PGE 2 ) likely play a role in overall immune regulation (positive and negative) (102, 104) ; thus, production of prostaglandins by eukaryotic microbes is likely an important pathogenic mechanism for these organisms.
Leukotrienes are most often associated with proinflammatory functions, such as upregulation of adhesins on endothelial and inflammatory cells, recruitment of leukocytes (neutrophils and eosinophils), and upregulating phagocytosis (38, 82-85) (59). 5-Lipoxygenase knockout mice are more susceptible to pulmonary bacterial infection, and phagocytosis is impaired in these mice (7, 85) . LTB 4 is a potent neutrophil chemotactic factor, while the cysteinyl leukotrienes play a role in eosinophil recruitment (17) . In addition, most members of this group of eicosanoids are potent bronchoconstrictors, mediating many of the symptoms of allergic asthma (94) . Eosinophil infiltrates are a common feature of many chronic fungal infections, and fungi are a common cause of atopic diseases (75, 86) . In addition, other eukaryotic microbes such as Leishmania spp. elicit an immune response characterized by a dynamic T1/T2 balance that is dependent on numerous factors (110, 114) (note that T2 responses are not characteristic of prokaryotic pathogen infections). Overall, eicosanoids provide a complex network of control in immune responses during infection and disease manifestation.
Protozoal Infections
The intracellular protistan parasite Toxoplasma gondii finds its niche within host macrophages during infection. Eicosanoid production is altered by parasite infection in multiple host cell types, leading to modulation of both parasite and host activities. Infection of macrophages induces altered prostaglandin and leukotriene production (134) . Surprisingly, treatment of parasites with phospholipase A 2 inhibitors prevents not only eicosanoid production by macrophages but also penetration of the cells by Toxoplasma gondii (134) . This indicates a role for parasite enzymes in host eicosanoid production and a role for host eicosanoids in parasite infectivity. In addition, treatment of macrophages with a 5-lipoxygenase inhibitor decreased gamma interferon-induced antitoxoplasma activity, suggesting that 5-lipoxygenase products may help control infection (143) .
Overall in Toxoplasma gondii infections, elaboration of controlled proinflammatory cell-mediated responses is required to control an infection without causing excessive damage to the host (141) . Induction of interleukin-12 production by host dendritic cells and subsequent gamma interferon induction is central to initiation of a successful inflammatory response (46) . Dendritic cell interleukin-12 induction by Toxoplasma gondii soluble antigen is dependent upon CCR5 and G-protein-coupled signaling. Interestingly, CCR5 and interleukin-12 production are downregulated after primary exposure to antigen, which leads to dendritic cell paralysis (4). This unresponsiveness to a secondary antigen exposure is mediated by induction of host lipoxin A 4 , which signals via a G protein receptor (Fig.  8) (5) . Mice deficient in 5-lipoxygenase are more susceptible to Toxoplasma gondii infection, suggesting a role for lipoxin A 4 in regulation of the inflammatory response (3).
As mentioned previously, Trypanosoma brucei produces prostaglandins from exogenous arachidonic acid (69) . A role for trypanosomal prostaglandin production in pathogenesis remains to be proven. However, prostaglandin production is known to be upregulated in the host upon trypanosomal infection (37, 101) . Host prostaglandin production is believed to be involved in different aspects of pathogenesis, from elaboration of symptoms to modulation of immune responses (51) . Host prostaglandin production in involved in induction of nitric oxide and suppression of lymphocyte proliferation. Inhibition of prostaglandin production with cyclooxygenase inhibitors results in increased proinflammatory cytokine production (105) . This indicates a role for host prostaglandins in control of disease and supports the idea that parasite-derived prostaglandins can participate in pathogenesis.
Plasmodium falciparum also produces prostaglandins, both endogenously and exogenously (70) . Prostaglandin production (PGE 2 , PGD 2 , and PGF 2␣ ) is highest in the trophozoite and schizont stages in the life cycle of Plasmodium falciparum. The malarial fever, which is believed to be mediated in part by prostaglandins, is associated with a burst of schizont-stage parasites. This suggests that parasite-derived prostaglandins may play a direct role in elaboration of disease symptoms. In addition, in vivo production of tumor necrosis factor alpha has been shown to decrease parasite growth. PGE 2 can downregulate tumor necrosis factor alpha expression, and it is therefore tempting to speculate that PGE 2 produced by the parasite could likewise mediate this effect. It is not unreasonable to believe that immunomodulation by the parasite is a likely outcome of in vivo prostaglandin production.
Both pathogenic and nonpathogenic Acanthamoeba species endogenously produce a variety of prostaglandins, including PGE 2 , PGD 2 , and PGF 2␣ (48) . However, pathogenic species produce more PGF 2␣ than nonpathogenic species. Prostaglandins can enhance penetration of tissue by parasitic worms; therefore, PGF 2␣ in protistan parasites may play a similar role (41) .
Helminth Infections
As with other parasitic worms, helminth infections are chronic in nature, with parasites surviving for long periods of time in host tissues. The strategies used by the parasites to evade the immune responses are largely unknown. However, infection is associated with increases in host eicosanoid production, which regulate responses to infection and mediate symptoms of infection. The discovery that the worms also produce eicosanoids provides one mechanism through which the parasites could induce symptoms, modulate the immune response of the host, and increase infectivity.
Many of the symptoms associated with parasitic disease progression are mediated by eicosanoids. Among the most prevalent causes of lymphatic filariasis are the eicosanoid-producing species Brugia malayi and Wuschereria bancrofti (78, 79) . Adult worms live in the lymphatic vessels of the host and release microfilariae into the bloodstream of infected hosts. The ability of microfilariae to survive within the bloodstream is partly explained by their ability to inhibit platelet aggregation and thromboxane release by host cells, activities known to be mediated by prostaglandins (79) . In some cases, release of the microfilariae results in a severe inflammatory response characterized by pulmonary eosinophilia, which can be mediated or exacerbated by PGE 2 (99) .
Likewise, Fasciola hepatica, a sheep liver fluke, causes an infection whose symptoms include anemia, fever, and liver damage, which can be mediated by eicosanoids. Adult F. hepatica worms were cultured from bile ducts of infected sheep, and PGE 2 , PGI 2 , TxB 2 , and LTB 4 were subsequently detected in culture supernatants and parasite homogenates (2). There-fore, the parasite itself may mediate infection symptoms via endogenous eicosanoid production.
A role for nematode eicosanoids in pathogenesis has been proposed. In vivo, infection with the heartworm parasite Dirofilaria immitis causes significant depression of endothelium relaxation, a symptom associated with disease. Treatment of Dirofilaria immitis but not host vasculature with cyclooxygenase inhibitors prior to infection prevented depression of heart endothelium relaxation (60) . This indicates that parasite-derived eicosanoids are responsible for this effect on the host, which is associated with the pathogenesis of filariasis.
In addition, recent evidence suggests that the parasites use oxylipins to evade the host's immune system. A generalized immune suppression is known to exist in most parasitic infections, even though the species causing the infections are quite diverse (6, 22, 35, 49, 78, 109, 132, 133) . Prostaglandins, leukotrienes, and other oxylipins are potent immunomodulatory molecules. They can act directly on leukocytes and indirectly through the induction of cytokines that control the development of inflammation, T1/T2 cellular immunity, and humoral immunity. Thus, evolutionary convergence may have resulted in parasites with eicosanoid biosynthesis to enhance or facilitate parasitism.
The best evidence of parasite-derived prostanoids in the subversion of the immune response comes from studies investigating the helminth Schistosoma mansoni. As has been mentioned previously, Schistosoma mansoni infects the host as cercariae, which burrow into the skin and undergo transformation to schistosomula. Polyunsaturated fatty acids and eicosanoids stimulate cercarial penetration of host skin (116, 117) . Production of eicosanoids correlates with both penetration and transformation, two activities required for infection. Penetration correlates with increasing leukotriene and HETE production, while transformation is correlated with increasing prostaglandin levels (41) . This indicates that either the fatty acid or a parasite-derived eicosanoid is involved in control of virulence mechanisms. It has been estimated that the cercariae remain in the skin for 3 to 4 days. However, during that time the parasite does not come under attack by the innate immune system. In a more recent study, it was found that skin-stage schistosomula produce significant amounts of PGE 2 and also induce the production of PGE 2 and interleukin-10 from the host (6), both of which are known to be able to subvert a T1 to a T2 response (11, 45, 123, 126) . While this study did not employ an in vivo system to study virulence directly, it is interesting that PGE 2 and interleukin-10 have also been implicated in the generation of regulatory T cells, which can produce chronic infections (89) .
More recent evidence provides a role for Schistosoma mansoni eicosanoids in modulation of the immune response in vivo (6) . It was observed that cutaneous infection by Schistosoma mansoni blocked local Langerhans cell migration to the lymph node. Langerhans cells are dendritic cells that reside in the skin, and their migration is a prerequisite for initiation of contact hypersensitivity. This inhibition of migration was effective not only for the inflammation caused by the cercariae infection, but also against the inflammation caused by tumor necrosis factor alpha administration. A parasite-derived lipophilic product mediated this anti-inflammatory mechanism of the parasite. Further analysis suggested that it was PGD 2 (6) . When treated with a PGD 2 receptor agonist, Langerhans cell migration could be blocked in a similar manner, and when treated with a PGD 2 receptor antagonist, the migration of Langerhans cell in Schistosoma mansoni-infected tissues could be restored. These studies suggest a novel mechanism for parasite evasion of immune responses.
One of the more interesting aspects of many parasites is the ability to grow and reproduce in multiple hosts of widely disparate origins. To accomplish this, parasites have adopted a strategy of changing their physical forms to suit their environment. This has, of course, made the study of these organisms difficult, as frequently the only means to obtain an organism at a particular stage of development is to grow it within a host. In some cases host serum will suffice, but it is safe to say that for the most part, in vitro culturing of many parasites is difficult. While the exact nature of the signals that trigger the transformation from one form to another has been elusive, some have recently been discovered. Notably, in the helminths Schistosoma mansoni and Brugia malayi, these transformation signals are oxylipin products (1, 125) .
Fungal Infections
A series of studies implicate fungal eicosanoid production in the pathogenesis of Cryptococcus neoformans infection. Cryptococcus neoformans is an opportunistic pathogenic yeast acquired via the respiratory tract, and it possesses a phospholipase (PLB1) that can degrade the phospholipid components of cellular membranes and lung surfactant (24) . Furthermore, phospholipase activity among different strains of Cryptococcus neoformans correlates with virulence in mice (23) . PLB1 is required for virulence during infection acquired via the respiratory tract (95) . Mice infected with a wild-type strain generate a nonprotective inflammatory response with subsequent eosinophilia, while mice infected with a PLB1-deficient strain generate a protective immune response that controls the infection. The PLB1-deficient strain produces lower levels of eicosanoids when incubated with arachidonoyl-phosphatidylcholine, and infected mice have lower levels of eicosanoids in lung homogenates (95) .
In addition, Cryptococcus neoformans and Candida albicans produce a PGE-like compound de novo and from arachidonic acid. This fungal compound can downmodulate chemokine production, tumor necrosis factor alpha production, and splenocyte proliferation while upregulating interleukin-10 production. These are all activities previously documented for mammalian PGE 2 (123) . In addition, prostaglandin levels in culture supernatants of different Cryptococcus neoformans strains correlate with their ability to evoke eosinophilia in mice (M. C. Noverr and G. B. Huffnagle, unpublished observations).
A PGE series cross-reactive product has been isolated from these fungi and has effects on host cells similar to those of commercially available PGE 2 , including alteration of cytokine production and inhibition of cellular proliferation (96) . Candida albicans is known to cause release of arachidonic acid from host tissues (19, 20) . Interestingly, arachidonic acid stimulates the growth of Candida albicans when used as a sole carbon source (33) .
Noneicosanoid lipids from fungi also participate in immunomodulation and pathogenesis. Candida albicans produces aspirin-sensitive oxylipins from arachidonic acid. Treatment of strains isolated from patients with recurrent vaginal candidiasis with aspirin inhibits not only oxylipin production but also growth (32) . The oxylipins are selectively located in Candida albicans hyphae, as opposed to the yeast form (33) . As mentioned previously, host PGE 2 can promote the yeast to hypha transition (61, 96) . Candida albicans induces PGE 2 production by host cells, which also can exert immunosuppressive activity. This indicates that both host and fungal lipids play a role in immunomodulation and control of morphogenesis in Candida albicans.
A hallmark response to fungal infections by the innate host response is the recruitment and activation of neutrophils. Unusual lipid-like compounds that consist of diacylated ureas, a novel class of unstable lipoids, have been isolated from Saccharomyces cerevisiae (Fig. 7b and 7c) (119) . These compounds induce adherence and degranulation in human neutrophils and activate leukocytes via a G-protein receptor and may represent a fungus-specific pathogen-associated molecule. Thus, while the study of fungal lipids in pathogenesis is in its infancy, it appears very likely that lipids contribute to the ability of fungi to cause infections.
Eicosanoid production (prostaglandins and leukotrienes) is almost certainly ubiquitous among pathogenic fungi. Given the biological activity of purified fungal eicosanoids, they have the potential to mediate host-pathogen cross-talk in which the pathogen can downregulate (local) host immune responses at the site of infection and the host can inadvertently augment pathogen virulence. The result of such interactions could be an immunological stalemate, i.e., chronic low-grade infection or parasitism. The most common feature of fungal infections is their chronic persistence within tissues of otherwise healthy individuals, ranging in severity from athlete's foot to chronic vaginitis to pulmonary granulomas (86) . Prostaglandins can modulate the Th1/Th2 balance of a response and promote tissue eosinophilia, a feature of some chronic fungal infections (11, 88, 103, 126) . Fungi secrete or shed a variety of products that can contribute to virulence and immunomodulation. Fungal eicosanoids may be an important key to understanding the link between fungi and atopic diseases such as allergy and asthma.
NEW PERSPECTIVES ON FUNGAL PATHOGENESIS Why Is the Prostate a Target for Persistent
Cryptococcus neoformans Infection?
Cryptococcus neoformans is inhaled from the environment, grows in the lungs, disseminates throughout the body, grows in the brain, and persists in the prostate (cryptococcal pathogenesis, reviewed in reference 18). Why the prostate? This observation has intrigued researchers for decades (77) , and there has been no model to explain the prostate tropism of Cryptococcus neoformans. Historically, bioactive lipid compounds that induced smooth muscle contraction were first isolated from the seminal fluid and prostrate of mammals, hence the derivation of the name prostaglandin (138) . Thus, the seminal fluid and prostate are rich in phospholipids, fatty acids, and eicosanoids. So, does Cryptococcus neoformans persist in organs containing large amounts of these compounds? The lung contains surfactant, the central nervous system contains cerebral spinal fluid, and the prostate contains seminal fluid. All of these fluids are high in phospholipids, fatty acids, and eicosanoids.
OXYLIPIN PRODUCTION AS A TARGET OF INHIBITION
As has been discussed above, many parasites possess a unique system of oxylipin generation that is critical not only in the growth of the organism but also in the host response to infection by the organism. Clearly, this system provides a tantalizing target for new antiparasitic drugs. Unfortunately, while the evidence for the importance of oxylipins has been around for a long time, our understanding of classical eicosanoid production has actually hampered studies of other systems. Over the years, very specific inhibitors of various mammalian cyclooxygenases and lipoxygenases have been discovered. In the study of mammalian systems, the inhibitor that is employed can identify specific subtypes of these enzymes; however, the same rules do not apply to other organisms. Inhibitors of oxidative enzymes are frequently just molecules with antioxidant properties that fit nicely into the active site (140) . Therefore, the fact that different cyclooxygenase inhibitors have different degrees of effectiveness on nonclassical oxylipin production is related more to the structure of the inhibitor and less to the enzyme it was originally described as inhibiting. It is possible that some of the current treatments for parasitic diseases inhibit the oxylipin synthesis enzymes, although the enzyme inhibition may not be complete. For example, trypanosomal PGF 2␣ synthase has been reported to specifically bind to and react with several known trypanocidal drugs (71) . Thus, future studies of known and new antiparasitic drugs should analyze the effects of these drugs on parasite oxylipin synthesis.
When it comes to specific inhibitors of fungal eicosanoids, nature may have already developed such inhibitors. In response to fungal attack, plants produce a series of host defense molecules called phytoalexins (34) . One class of phytoalexins includes polyphenols. Two of these, resveratrol and nordihydroguaretic acid, are also inhibitors of mammalian cyclooxygenases and lipoxygenases (10, 127 ). The precise mechanism by which resveratrol and nordihydroguaretic acid inhibit fungal growth is not known. Resveratrol and nordihydroguaretic acid are not as effective in inhibiting mammalian cyclooxygenases and lipoxygenases as celexicob or zileutin. However, has nature selected (through fungal-plant interactions) these phytoalexins to be optimal for inhibiting fungal oxylipin production? Both of these compounds can inhibit fungal growth and can also inhibit oxylipin production in fungal lysates (J. R. Erb-Downward and G. B. Huffnagle, unpublished data). In summary, the biochemical differences between fungal and parasitic eicosanoid synthetic pathways and mammalian biosynthetic pathways make fungal-parasitic oxylipin production a viable target for the rational design of future therapeutics.
FUTURE PERSPECTIVES
Clearly, the study of oxylipins is an area of research that, while steeped in history, has much to answer in the future. As the production of oxylipin compounds becomes better characterized in new systems, so too will the functions of these compounds within that system need to be studied. Recently, enzyme immunoassay kits for many eicosanoids and oxylipins of interest have become widely available. And while it is important when employing such kits to remember that fats are not proteins and that a result obtained with an enzyme immunoassay kit does not constitute absolute proof, they do provide useful new tools for researchers to study both new and old systems. Through these techniques and others, parasites such as Plasmodium falciparum (70) , and Trypanosoma brucei (69) have recently been demonstrated to produce prostaglandinlike compounds, as have several different genera of pathogenic fungi (96, 97) . In each of these cases, the production of eicosanoids was not inhibitable by the classical inhibitors of prostaglandin synthesis, suggesting the existence of a new and possibly unique system.
It is likely that the role of eicosanoids and oxylipins in these organisms will extend from control of intrinsic metabolic functions, such as growth and maturation, to effects on the hosts, such as modulation of immune responses and enabling invasion. It remains to be seen whether microbial eicosanoids and oxylipins are virulence factors. In the case of most pathogenic microbes, it is likely that these microbial lipids participate in forming a pathogenic profile composed of various virulence factors that are all required for full virulence. As the enzymes involved in eicosanoid synthesis are discovered, genetic manipulation will allow definitive examination of the roles of nonmammalian eicosanoids in metabolism and pathogenesis.
